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DEFINITION OF SYMBOLS 
Symbol 
a 
B 
n 
H 
h 
k 
L 
n 
R 
S 
T 
V 
W 
6 
E 
V 
Definition 
Amplitude of nth cycle of liquid oscillation, cm 
Tankwidth, cm 
Acceleration in the direction tending to hold the 
liquid in the tank bottom, cm/sec2 
Distance of roughness s t r ip  from tank bottom, cm 
(Fig. I O )  
Liquid depth, cm 
T/L, l /cm 
Tank length, cm 
Number of cycles 
Reynolds number 
Wetted perimeter at tank ends divided by twice 
the tank width 
Temperature of test liquid, F 
Liquid velocity, cm/sec 
Width of roughness strip, cm (Fig. 12) 
Log decrement of damping 
Roughness height, cm 
Kinematic viscosity of test liquid, cm2/sec 
V 
Symbol 
P 
7 
I.1 
w 
DEFINITION OF SYMBOLS (Concluded) 
Definition 
Liquid density, gm/cm3 
Period of liquid oscillation, sec 
Liquid viscosity, gm/cm-sec 
Frequency of liquid oscillation, H z  
Liquid surface tension, dynes/cm 
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EFFECT OF WALL ROUGHNESS 
ON THE DAMPING OF L IQUID 
OSCILLATIONS IN  RECTANGULAR TANKS 
SUMMARY 
An experimental investigation was made to determine the effectiveness 
of wall roughness for damping liquid oscillations in rectangular tanks. The 
value of log decrement of damping ( 6 )  increased in a nearly linear fashion 
as the roughness height was increased. 
0.427 percent of the tank length covering 8.9 percent of the wetted wall 
area, 6 was 65 percent greater than the smooth-wall value. 
With roughness whose height was 
Roughness near the liquid surface was more effective in damping 
liquid oscillations than roughness deep in the tank with a sharp increase in 
6 corresponding to wiping, of the roughness by the surface edge during decay. 
Maximum damping was  produced by a particular roughness s t r ip  when the 
s t r ip  was at the maximum depth at which the surface edge wiped the roughness 
throughout decay of the oscillation. 
cent of the wetted wall  area) located in contact with the liquid surface edge 
during decay w e r e  found to produce 75 percent as much damping as roughness 
covering the entire end walls of the tank (36 percent of the wetted wall area). 
Narrow strips of roughness ( 3 . 6  per- 
The damping was found to increase with decreasing values of 
L3/2g1/2/ v , a dimensionless viscosity parameter, but the increment of 
damping caused by wall roughness remained nearly constant through most of 
the L3/2gL/2/v range. The increment of 6 because of a particular wall 
roughness configuration was 34.5 percent of the total at L3/2g1/2/ v = 
650 000 and was  only 13.5 percent of the total 6 at L3/2g1/2/v = 27 000. 
A formula was  constructed to f i t  the smooth wall damping data through 
the range of values of L3/2S.1/2/v investigated by multiplying a theoretical 
equation for smooth wall viscous damping by an empirical constant. An 
expression formed by adding a term dependent on roughness height rela- 
tive to tank length to the above formula gave a fair representation of the 
effect of roughness height on damping through a range of L3/2gi/2/v 
values for a particular roughness configuration. 
Reynolds number and boundary layer thickness calculations indicated 
that the test roughness should have little effect on viscous damping. 
calculations showed that the damping because of roughness could be produced 
by surface tension acting on the roughness-dependent wetted perimeter 
through a changing contact angle. 
Other 
I NTRODUCT I ON 
Current space missions with their extensive use of liquid-fueled 
A major portion of space vehicle mass  may be propellant. 
rockets have caused renewed interest in the dynamic behavior of contained 
liquids. 
liquid moves it exerts forces on the vehicle that will change the vehicle 
orientation if the forces are not counteracted by an attitude control system. 
A knowledge of the magnitude of forces exerted by the fuel, the frequency of 
fuel oscillations, and the amount of damping required to dissipate the 
oscillation energy is necessary for design of adequate and economical attitude 
control systems. 
A s  this 
The external forces on a space vehicle may cause the acceleration 
environment affecting liquid motion to change by as much as 10 orders of 
magnitude during a particular mission (the primary source of external force 
might vary from rocket thrust to solar pressure). 
tion boost phase of a typical flight, the propellant remains in the bottom of its 
tank, as expected, and moves primarily in its first slosh mode. 
mode is characterized by a rocking motion of the liquid surface with the 
maximum amplitudes occurring alternately at opposite sides of the tank. 
Reference 1, Bauer calculated the natural mode shapes and frequencies for 
liquid oscillations which occur during boost, and analyzed a spring-mass 
model of the liquid system which can be used to determine forces on the tank 
walls. A similar spring-mass-damper model of the sloshing liquid is used 
by the National Aeronautics and Space Administration, along with the bending 
characteristics of the rocket, control system characteristics, and probable 
wind conditions at launch, to determine the stability of each vehicle in flight. 
In Reference 2 the first mode sloshing frequencies determined by a method 
similar to Bauer's were  found to be in good agreement with measured values 
during the boost phase of a particular rocket flight. 
tower tests (References 2 and 3, respectively) have shown that, for a wide 
range of tank sizes and liquid properties, the liquid remains in the container 
bottom moving primarily in its first mode, even though the acceleration 
tending to hold it there is on the order of 
During the high accelera- 
The first 
In 
Flight data and drop 
times that caused by the earth's 
b 
a 
2 
. 
gravity. 
accurate for sloshing in this near ffweightlessfT condition. 
to 330 seconds were measured for a particular set of conditions, and the 
predicted value was  315 seconds. ) 
Frequencies predicted for the first mode in Reference 2 w e r e  
(Periods of 300 
The effort to find effective ways of damping this first mode oscillation 
and to determine the damping available in particular fuel tanks has been 
almost entirely experimental and has included many kinds of damping devices 
(partitioned tanks, baffles, screens, floating cans, etc. ). 
through 10 are examples of these experimental damping studies. 
result of such studies, ring baffles attached to the inside of the tank wall are 
used in many current launch vehicles to reduce liquid oscillations. 
References 4 
A s  a 
The purpose of the present investigation is to study another source of 
damping; that is, wall roughness of propellant tanks. Increasing the wall 
skin friction would be expected to increase the rate of damping of the first 
slosh mode. 
in smooth-wall tanks, tend to confirm this, indicating that even roughness of 
small height relative to the boundary layer thickness can produce damping 
three times as great as that for the smooth-wall case. 
suggest that surface tension affects damping. 
damping, then a rough wall with its greater wetted perimeter should give 
greater surface-tension-related damping than a smooth wall. 
can provide adequate damping for some situations, there could be a savings in 
weight or  manufacturing costs as compared with other damping devices, since 
the roughness might be sprayed on the tank interior or result during the 
forming of the tank. A literature search has revealed no studies of the 
effect of wall roughness on damping of liquid oscillations, although there are 
studies [11, 12, 131 of damping because of smooth walls. 
was  calculated in Reference 12 for sloshing in cylindrical tanks using laminar 
boundary layer theory and assuming that the different normal modes of slosh- 
ing were damped independently. 
mental values for damping rate were  from two to nine times as great as the 
values calculated for dissipation in a laminar boundary layer. Other factors 
suggested as possibly having an effect on damping were  surface tension, wall 
different slosh modes. 
Some observations reported in Reference 11, a study of damping 
References 12 and 13 
If surface tension affects 
If wall  roughness 
The rate of damping 
In Reference 12 it was found that the experi- 
4 roughness, boundary layer thickness, and interchange of energy between 
c Reference 11 also used the laminar boundary layer theory to predict 
smooth-wall damping in cylindrical tanks. It is reported in Reference I1 
that the measured damping was  three times as great as predicted, before the 
test tanks w e r e  polished to mirror  smoothness, and it is concluded that a 
3 
small amount of wall roughness greatly increased the damping. After the 
brass cylinders used in the investigation were polished to a mir ror  finish, 
experimentally determined values for log decrement were in good agreement 
with the theoretically determined values (calculated values were 2 to 7 percent 
higher than experimental values). 
Keulegan [I31 used the laminar boundary layer theory in conjunction 
with empirical results to formulate an expression for the log decrement of 
damping for a liquid sloshing in a smooth-wall rectangular tank. His  
experimental damping values were from 15 to 70 percent greater than those 
attributed to dissipation of energy in the boundary layer. The data of 
Reference 13 indicate that in large tanks the percentage of the damping 
occurring in the boundary layer is greater than in small tanks. 
To accomplish the present investigation, tests were conducted in two 
rectangular glass tanks using silicon carbide grit bonded to the tank walls to 
produce roughness. The following specific objectives were set: 
i. To determine the change in damping because of changes in 
roughness grain size (height). 
2. To determine the effect on damping of changes in roughness loca- 
tion; that is, vary the depth of the roughness below the liquid surface and vary 
the portion of the wetted wall that is roughened. 
3. To determine the effect of rou hness height through a range of 
values of the dimensionless parameter ~ 3 7 & / 2 / ~ .  
4. To compare the experimental results of this investigation with the 
viscous damping predicted theoretically for the smooth-wall tank, and to 
empirically modify the theoretical damping expression so that it can be used 
to calculate the damping in the smooth-and rough-wall configurations of this 
investigation. 
APPARATUS AND PROCEDURE 
The small  tank with pressure probes clamped in place on the tank 
ends is shown in the test setup (Fig. I ) .  
0.5-psi inductance-type differential pressure gage,. a Carrier-type 1-127 
amplifier and a Honeywell visicorder. The two glass tanks were commercial 
The instruments shown a re  a 
c 
4 
-. - I -  *a- 
Figure i, Test setup. 
aquariums with inside dimensions as shown in Figure 2. Also shown in 
Figure 2 are the pressure probe locations and liquid levels used in the two 
tanks. The pressure probes, 14.6 cm in length, were of 0.64-cm steel 
tubing, with streamlined tips. They were mounted in wood blocks and 
clamped so that they were  positioned 0.64 cm from the walls. The probes 
were connected to the gage by equal lengths of neoprene tubing. 
The test liquids were distilled water plus aerosol MA (a wetting agent) 
and distilled water plus sucrose. The viscosity and density of the water- 
sucrose solutions were taken from tables in Reference 14. The surface 
tension of the aerosol MA-water solution was taken from Reference 13. The 
surface tension of the sucrose-water solutions was measured with a surface 
tension balance, and the viscosity of the aerosol MA-water solution was 
measured with an Oswalt-type viscometer by personnel of the Astronautics 
Laboratory of Marshall Space Flight Center. No difference was found 
between the viscosities of the aerosol MA-water solution and distilled water 
in the temperature range of interest. The kinematic viscosities of the test 
liquids are presented in Figure 3 as a function of temperature, and the surface 
tensions are shown in Figure 4. 
Silicon carbide grit was  applied to the tank walls to provide roughness. 
Figure 5 shows the dimensions of the five grit sizes used as measured using a 
magnifying glass and a scale. The area concentration for the different grit  
sizes is shown in Figure 6 and was determined by counting the number of 
particles per unit area. The average wetted perimeter at the tank ends was 
calculated from the grit dimensions and concentrations and was divided by 
twice the tank width to form parameter S (also presented in Figure 6). The 
wall area to be made rough was first  outlined with masking tape and then 
covered with a thin film of rubber cement. 
rubber cement and pressed lightly against it. Because of this pressing of the 
particles against the walls, the minimum heights given in Figure 5 were 
thought to be more representative of roughness height than the maximum 
dimensions. Damping, which was measured with rubber cement alone on the 
tank walls, was found to be insignificantly higher than the smooth-wall 
damping (Table I )  . The damping produced by the roughness (grit  bonded to 
walls by rubber cement) was therefore considered to be due to the grit only. 
The grit  was  sprinkled onto the 
To measure damping for a particular wall roughness configuration, 
the tank was first filled to the desired test level. The pressure probes were 
then clamped in place on the inside of the end tank walls and set at the proper 
depth. The amplifier was  electrically balanced; a static calibration was made 
by placing one probe I inch deeper than the other and recording the output. 
6 
7 static liquid level  
Large Tank 
7 static liquid leve l  
S m a l l  Tank 
( A l l  dimensions are in cm) 
Figure 2. Tank dimensions. 
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Figure 3. Test liquid kinematic viscosity. 
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Figure 4. Test liquid surface tension. 
The temperature of the test liquid was measured and recorded. With the test 
tank on a heavy steel table, a large amplitude (approximately 50 lb) periodic 
force was applied to the table at  a frequency near the first mode frequency of 
the liquid. This force produced a small displacement (approximately 0.3 cm) 
of the table and gradually excited the first mode of liquid oscillation. When 
the liquid amplitude reached the desired height, the forcing was stopped and 
the amplitude was allowed to decay while the pressure differential between the 
probe tips was recorded. For each roughness condition, six decays were 
recorded, and after the sixth decay another static calibration was made and 
compared with the prerun calibration. The portion of the pressure record 
corresponding to decay from I. 27-cm liquid amplitude to 0.64-cm liquid 
amplitude was used to calculate the log decrement of damping for the large 
tank, and the portion corresponding to decay from 0.89- to 0.44-cm amplitude 
was used to determine the log decrement for the small tank. 
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Figure 5. Roughness height. 
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Figure 6. G r i t  distribution density and wetted perimeter. 
The liquid oscillation frequency and damping were measured with the 
table free during decay and with the table immobile. No effect of table motion 
was  found, and the majority of data were taken with the table free. The first 
mode oscillation was initiated as previously described in all cases except those 
in which the two most viscous test solutions were used, and for these the test 
tank was tilted to excite oscillations. 
The frequency was  measured by using timing marks on the decay 
record and by using a watch and counting cycles. A dynamic calibration was 
made by marking the record at points corresponding to observed liquid 
amplitudes at the tank walls. The phase relationship between the maximum 
liquid displacement amplitude and maximum pressure differential was 
I1 
TABLE I. EXPERIMENTAL RESULTS 
t 
Figure 
22.9 
t 
35.1 
MA 
1 
H 
(cm) 
~ 
17.8 
17.8 
1 
0 
5.1 
10.2 
12. 7 
14.0 
15.2 
16.5 
11.8 
19.1 
31.6 
32.9 
t2.9 
ti. 6 
19.1 
.I. 8 
6.5 
.5.2 
7. 6 
0 
2.4 
L 
2.4 
1 
2.4 
1 
1 
2.4 
-water 
1 
E 
(cm) 
Rubber 
cement 
0 
0.213 
0.089 
0.069 
0.058 
0.030 
0.213 
0.213 
1 
0 
0.089 
0.213 
0 
0.058 
0.089 
0.213 
0 
0. 058 
0.089 
0.213 
0 
0.058 
0.089 
0.213 t 
2 E/L 
- 
0 
0.0086 
0.0036 
0.0028 
0.0023 
0.0012 
0.0086 
0.0086 
0 
0.0051 
0.012 
0 
0.0033 
0.0051 
0.012 
0 
0.0033 
0. 0051 
3.012 
3 
1.0033 
I. 0051 
I. 012 
Y 
cm2/sec 
0.3095 
0.0087 
0.0095 
0.0091 
0.0100 
0.0090 
0.0101 
0.0096 
0.0100 
0.0098 
0.0095 
0.0098 
0.0093 
0.0096 
0.0095 
0.0104 
0.0100 
1 
0.0104 
I. 0100 
3.0096 
I. 0104 
I. 0100 
).0101 
1.48 
1.29 
1. 29 
1. 09 
1. 22 
1. 20 
.. 11 
I. 268 
I.  218 
I. 241 
I. 254 
I. 0101 
I. 0098 
I. 0098 
~.OlOO 
6 
0.0151 
0.014f 
0.0241 
0.0194 
0.0187 
0.0119 
0. 016 
0.0152 
0.0156 
0.0164 
0.0171 
0.0177 
0.0204 
0.0249 
0.0241 
0. 0240 
0.0226 
0.0190 
0.0150 
0.0190 
0. 0226 
0.0240 
0.0181 
0.0249 
0.0242 
0. 0250 
0.0253 
0.222 
0.206 
0.191 
0.185 
0.191 
0.191 
0.180 
0.0881 
0.0843 
0.0888 
0.0981 
0.019 
9.021 
3.023 
3.029 
R x 
1.17 
1.28 
1.17 
1.22 
1.11 
1.23 
1.10 
1.16 
1.11 
1.13 
1.11 
1.13 
1.19 :. 16 
1.17 
1.07 
1.11 
1 
1.07 
1.11 
1.10 
1.01 
1.11 
1.10 
0.0044C 
0. 00507 
0.0050T 
0. 00593 
0.00531 
0.00545 
0.00586 
0.0241 
0.0299 
0.0210 
0.0256 
0.642 
0.663 
0.662 
0.650 
J 
I 
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investigated by marking the pressure decay record when maximum liquid 
amplitude was observed for several cycles. 
A flow visualization exercise was  performed. The motion of small, 
nearly neutrally buoyant particles was observed at various depths in the 
small tank during the first mode liquid oscillation. 
DISCUSSION 
Throughout the discussion the damping is represented by the log 
decrement of damping ( 6 ) where 
a 
I 0 6 = - In  - . n a  n 
Liquid oscillation amplitudes of I. 27 and 0.64 cm w e r e  used as a, and 
respectively, for data taken in the large tank 
0.89 and 0.44 cm were used for a. and an, respectively; n is the number of 
cycles between a, and an. A line was faired through the peaks of the pressure 
decay record and the pressure differentials corresponding to a. and an were 
marked as shown in Figure 7 on a typical pressure decay record. The number 
of cycles between these marks was counted and used for the value of n in the 
equation above; 6 was  independent of amplitude for the range of amplitudes 
investigated. 
, 
For data from the small tank, 
2 7. I 
Cycle8 
.64 cm liquid amplitude 
L1.27 cm liquid amplitude 
Figure 7. Typical pressure differential decay record. 
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During decay of the liquid oscillation, the liquid surface was smooth 
(except as noted later) with no splashing o r  frothing. This orderly f i r s t  mode 
oscillation characterized by a rocking motion of the liquid surface is the 
situation of interest as described in the introduction. Bubbles that formed on 
the tank wall were  removed before data were  taken since they were  generally 
of the same height as the test roughness. Bubbles that were trapped in the 
high viscosity sucrose-water solutions during the mixing of the solutions were 
removed before data were taken so that they would not affect the liquid 
properties, 
The variables considered to have affected the damping of free oscilla- 
tions in smooth-wall rectangular basins for this investigation were p ,  1.1, g, 
L and B. The tank depth is not an important variable if the ratio of depth to 
length is approximately 0.5 or greater, as was the case [I]. The capillary 
forces were small compared to gravity forces (gravity/capillary = 
4100) and the contact angle was, in the f i r s t  part  of this investigation, assumed 
to remain constant during the oscillations. Therefore, with this assumption, 
the surface tension was not considered to be a significant variable. Applying 
dimensional analysis to the five variables resulted in two dimensionless 
parameters, B/L and L3/2g1/2p/p. The latter or L3l2giI2/v is a useful 
parameter for comparing data from tanks in different acceleraltion environ- 
ments and is thus sometimes used in the study of liquid dynamics in space 
vehicles. The dimensionless viscosity parameter (L3/'gf/*/v) has been 
called Reynolds number in some of the literature of liquid sloshing, probably 
because any characteristic velocity chosen for the purpose of calculating 
Reynolds number is a function of giI2Lij2. If a fluid dynamic system existed 
in which the velocity was equal to g1/2Li/2, then the basic force ratios would 
become 
inertia v2 
gravity Lg - 1, 
- -  - 
and 
V2Lp gL2p - -  ~- - - -  inertia 
surface tension U u .  
14 
Some specific flight situations having values of L3/2g'/2/v in the range covered 
by this study (though the tank shapes are different) are the S-IVB liquid 
hydrogen tank in low earth orbit (L3/2g1/2/v = 86 x Id) and the Apollo service 
module propellant tanks in low earth orbit (L3/2g1/2/v = I. 5 x Id). The 
S-IVB stage and the Apollo service module are the third and fourth stages, 
respectively, of the National Aeronautics and Space Administration's Saturn V 
launch vehicle, and their tank diameters, 260 inches and 52 inches, respec- 
tively, were used for the value of L above. The sucrose-water solutions were  
chosen as test liquids because they provided a simple and accurate method of 
obtaining a broad range of values of L3/2g1/2/v, and the aerosol MA-water 
solution was chosen instead of pure water  for the high L3/2~1/2/v values to 
avoid problems associated with use of pure water as reported by other investi- 
gators [8, 13 J .  Slight contamination of the test tank walls and liquid surface 
was  reported to have a large effect on damping when water was the test 
solution, but use of water plus a wetting agent or  other detergent-like test 
liquids alleviated this problem. The results of this investigation are directly 
applicable only to rectangular tanks of the shape used here, but should be 
sufficient for determining the feasibility of using wall  roughness as a damping 
device in tanks of other shapes. 
The data shown in the figures are also listed in Table I. The average 
run was repeatable within I. 8 percent. 
Effect of Roughness Height 
Figure 8 shows the nearly linear increase in 6 with roughness height. 
The largest value of 6 shown is about 65 percent greater than the smooth-wall 
value, and this is with roughness covering 8.9 percent of the wetted wall  area. 
The bars through data points in this figure show the spread of data, and the 
symbols are the average of six values measured for each roughness condition. 
In succeeding figures, only the average values a r e  presented. A least squares 
curve f i t  was used to determine the straight line through the data points. 
b Checks of these results w e r e  difficult because of lack of data for 
comparable configurations. The value shown for smooth-wall damping is 
about 50 percent higher than the value measured by Keulegan [ I 3 1  in a 
smooth-wall rectangular basin of about the same width, but having a depth 
and length about 2 .3  times as great. 
f 
15 
,005 
l e v e l  
2 € / L  
1 1 I 1 =  I -1 1 .  
0 ,002 .004 .OS .008 .OlO .012 .014 0 
Figure 8. Effect of roughness height. 
Effect of Roughness Location 
In Reference I ,  Bauer showed that for liquid sloshing in a cylindrical 
tank, essentially all of the motion takes place within one radius of the liquid 
surface and the liquid deep in the tank is nearly stationary. A similar sit- 
uation was found in the rectangular tanks of the present investigation. The 
motion of small, nearly neutrally buoyant particles was observed in the small 
tank during the first mode oscillation. The results of the observation are 
sketched in Figure 9. A 3-cm peak-to-peak maximum amplitude produced 
approximately 3-cm travel of a particle at the surface node along the path 
shown, produced about a 0.3-cm movement of particles 3 cm from the bottom 
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Figure 9. Flow pattern. 
near the tank end, and gave a 0.6-cm travel of particles at the tank bottom 
center. The arrows give the approximate direction of motion, but not the 
magnitude . 
Since the resistance to liquid motion provided by the roughness should 
increase,with the liquid velocity at the roughness location, it was expected 
that the effectiveness of roughness for damping the oscillations would increase 
as it was moved from deep in the tank to the liquid surface. The data of 
Figure 10 show the expected result. A s  the roughness was moved from the 
low-velocity region at the tank bottom to the maximum velocity at the surface, 
the value of 6 increased from near the value for the smooth-walled configura- 
tion to about I. 7 times the smooth-wall value. 
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0 
0 
t 
22.9 
A t  H = 14.0 cm, the upper edge of the roughness touched the liquid 
surface edge when the amplitude was I. 27 cm. Therefore, the sharp increase in 
6 as H was increased above 14.0 cm corresponded to the surface edge wiping 
the roughness during a portion of the decay. The maximum value of damping 
occurred at H = 16.5 cm, the smallest value of H for which the roughness is 
wiped by the liquid surface edge at each end of the tank during the entire decay 
from I. 27- to 0.64-cm amplitude. The largest value of H for which the 
roughness is wiped by the liquid surface throughout decay is H = 21.6 cm. 
It is seen that 6 decreases sharply as the roughness is moved higher. Figure 
I 1  shows the liquid oscillating in its first mode with the liquid edge wiping 
smooth walls in (a) and wiping the roughness strips on the tank ends in (b).  
The ripples on the surface in (b)  represent part of the energy that has been 
removed from the first mode oscillation by the roughness strips as they break 
the liquid surface edge. 
the roughness strip not in contact with the liquid surface. 
These ripples were  not present during sloshing with 
The data of Figure 1 2  also indicate the effectiveness of roughness in 
contact with the liquid surface. Strips of roughness 2.54 cm wide located s o  
that the liquid surface edge was-wiping the grit throughout the decay produced 
approximately 75 percent as much damping as 24.13-cm wide strips reaching 
from the tank bottom to the highest liquid oscillation amplitude. 
The surface damping effects are further discussed in The Discussion 
of Flow Regimes and the Mechanism of Damping Because of Roughness Section. 
Effect Of Roughness At Var ious 
Values Of L 3/2 g 1/21" 
The effect of roughness on 6 through a range of values of L3/2gi/2/v 
is shown in Figure 13. The roughness was located for nearly maximum 
effectiveness (that is, the liquid surface edge wiped the roughness throughout 
the decay). The open symbols are data taken using the small tank with the 
roughness configuration shown in the sketch. The solid symbols are data 
from the large tank and these were shown 'in Figure 8. The small tank was 
70 percent as long as the large tank; this ratio of lengths was used to scale 
liquid depth, probe depth, amplitude, and roughness location. The small 
tank was 81 percent as wide as the rarge tank. 
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The change in L3/2gi/2/v was produced primarily by using sucrose- 
water solutions of different viscosities as listed in Table I. The change in 
L3/2gi/2/v from about 650 000 to I 200 000 was due to the change in tank size. 
The damping increased with decreasing values of L3i2gii2/v. 
In Reference 13, Keulegan used potential flow and boundary layer 
theory to derive an expression for damping caused by viscous action in a 
smooth-wall rectangular container: 
V 
Bk( Z i n h  7r - 2kh 2kh)] v i / i , i / 2  1- 2k2w. 
The first term on the right-hand side of equation ( I )  represents viscous 
damping in the boundary layer, and the second term represents viscous 
damping in the body of the fluid. Keulegan verified this equation by experiment. 
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Figure 13. Effect of L3/2g1/2/v and roughness height. 
The damping predicted by this equation for his largest test tank, where surface 
effects were  small' compared to viscous effects, was  in good agreement with 
the measured damping. Hi s  experimental results were  for a range of tank 
sizes (23.8 to 242 cm in length), and the experimental damping values were 
approximately 15 to 70 percent higher in going from large to small tanks than 
the values caused by viscous losses as computed by equation (I). Keulegan 
concluded that the losses not caused by viscous action were primarily due to 
some type of surface activity and used experimental results to modify 
equation (I), bringing it closer to the measured damping. A similar proce- 
dure is used in the present investigation. 
In Reference 13 the expression found for the square of the f i rs t  mode 
frequency was : 
$ = -  r h  ng tanh - L L *  
The frequencies calculated for the tanks of the present investigation using 
equation (2)  w e r e  I. 18 and 1.41 Hz for the large and small tanks respectively 
compared to measured values of I. 24 and 1.48 Hz. The calculated frequencies 
are below the actual values by less than 5 percent; this agreement is about the 
same as found in the literature for other comparisons of predicted and experi- 
mental sloshing frequencies. 
Equations (I) and ( 2 )  were combined with the term L3/'g1/'/v to 
obtain: 
Bk(n - 2kh) ~ 21/2 'I4 ( v / ~ 3 / Z g 1 / Z )  l / Z  6 = [ ( n + B k )  + Y ~ 
Bk(tanh kh)li4 V Slnh 2kh 
The dimensions and liquid depths for the large and small tanks were sub- 
stituted into equation (3),  and the following equations were obtained fo r  
viscous damping in the large and small tanks, respectively: 
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S 
( 5 )  
There are two equations because the tanks were not geometrically similar 
with regard to width. Curves are plotted from these equations in Figure 13 
for comparison with the smooth-wall data (circular symbols). The tanks of 
the present investigation differ from the tanks in Reference 13 in length-to- 
width ratio, but have lengths in the range of lengths covered by Reference 13. 
The experimental smooth-wall damping values presented in Figure 13 are 
approximately 41 percent higher than the calculated values for viscous losses 
in the small tank and about 56 percent higher than those calculated for the 
large tank. These results appear reasonable when compared with the results 
of Reference 13. 
Equation (5) was multiplied by an empirical factor, 1.41, as the 
first step in constructing a formula to represent experimental results for the 
small tank. Since the difference between equations (4) and (5) is small and 
because measurements were  taken at essentially only one value of L3/'g1/2/v 
for the large tank, only equation (5) was used. The result  of mdtiplying 
equation (5 )  by 1.41 is: 
6 S = 13. 3(v/L3/2&/2)1/2 + 1 0 4 ( ~ / L ~ / ~ g ~ / ' ) .  (6) 
The dashed curve in Figure 13, calculated by equation ( 6 ) ,  appears to 
give a good representation of smooth-wall damping (circular symbols). 
To find the change in damping with roughness height at specific values 
of L3/2g1/2/v, the dashed curve in Figure 13 was used as a guide, and the 
differences between smooth- and rough-wall damping were taken from Figure 
13 at four values of L3/k1/'/v. These results are shown in Figure 14. The 
method of least squares was used to f i t  straight lines through the points at 
each value of L3/2g1/2/v in Figure 14. The effect of roughness height seems 
to be about the same for the three largest values of L3/'gi/'/v in Figure 14. 
A possible explanation of the loss of effectiveness of roughness at L3/2g1/2/v = 
5000 is presented in the next section. The slopes of these dampin -versus- 
roughness-height curves do not show a consistent effect of L3/'$ p;z /v. 
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Figure 14. Effect of roughness height at particular values of L3/b1/2/v, 
The slopes of the three lower curves in Figure 14 were assumed to be 
representative of slopes in the L3/2gi/2/v range 27 000 to I 200 000. The 
product of the average of these three slopes and ZE/L was added to equation 
(6)  as follows: 
6 = 13.3 ( V / L ~ / ~ & / ~ ) ~ / '  + 104(v/L3/2g'i/2) + 0 . 9 1 4 ( 2 ~ / L ) .  (7) 
Curves calculated using equation (7) are shown in Figure 15 with the data 
from Figure 13. These data and equation ( 7 ) ,  constructed to f i t  these data, 
indicate that the increment of damping gained by having rough walls is nearly 
independent of L3/2gi/2/v from L3/2gi/2/v = 27 000 to L3/2g1/2/v = I 200 000. 
The percentage of total damping because of wall  roughness decreases, there- 
fore, with decreasing values of L3/'gil2/v. In application this means that use 
of wall roughness for damping would be more practical, for instance, in the 
S-NB liquid hydrogen tank in low-earth orbit (L3/2gi/2/v = 86 x IO4) than in 
Awllo service module propellant tanks in low-earth orbit (L3/2gi/2/v = 
I. 5 x io4) .  
Discussion of Flow Regimes and t h e  Mechanism 
of Damping Because of Roughness 
Reynolds number values were calculated for the oscillating fluid based 
on the maximum velocity at the liquid surface edge and the maximum ampli- 
tude at the tank wall at the start of each free decay. The damping is plotted as 
a function of this Reynolds number in Figure 16; the largest  Reynolds number 
is seen to be about 1500. If the transition Reynolds number on a flat plate in 
a uniform constant-velocity flow (R = 3 .2  x IO5) is used as the transi- tran tion criterion for this oscillating case, the boundary layer is laminar for all 
conditions investigated. Assuming that the boundary layer thickness formula, 
A = 5x/dRx, which is derived for constant velocity flow over a flat plate 
(x is the distance along the plate) , is applicable to the oscillating flow case, 
the calculated boundary layer thicknesses are shown at the respective 
Reynolds numbers in Figure 16. From these it is seen that only the largest 
gri t  size protruded beyond the boundary layer at the maximum velocity part 
of the cycle. A t  the two lower Reynolds number test conditions, all of the 
grit sizes were submerged in the laminar boundary layer. (Figure 17 shows 
the logarithm of the amplitude versus cycle for several test conditions. The 
slope of these lines is constant, indicating that 6 = log decrement is 
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constant, independent of amplitude in this range of amplitudes. For a 
particular decay one value of 6 will result, but the value of Rx as previously 
defined will vary with the square of the starting amplitude of decay.) 
If the grit  particles are submerged in the boundary layer during a 
significant portion of each cycle, then the mechanism of damping by wall 
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roughness is not primarily the increase of viscous damping at the wall. If 
wall roughness does not increase the viscous damping, then the damping 
because of wall roughness should be independent of L3/2gi/2/v, the parameter 
on which viscous damping depends. (The data show that the damping because 
of roughness is independent of L3/2g1/2/v. ) 
If the contact angle changes during the liquid oscillations, then surface 
tension caq provide damping. The wetted perimeter at the tank ends was 
computed from the diinensions of the various grit sizes and divided by twice 
the tank width; .it was then plotted against 6 to form Figure 18. If the main 
effect of roughness is to increase the wetted wall  perimeter for the surface 
tension to work on, then the loss of effectiveness at the low Reynolds number 
is logical since the high viscosity test liquid filled the spaces between rough- 
ness particles, reducing the wetted perimeter to near the smooth-wall 
perimeter, and remainea during the decay. 
Some calculations indicate that the change in damping measured from 
smooth to rough wall in the small tank with the low viscosity could result 
from surface tension effects if the contact angle changed from 0 to 29 degrees 
during each oscillation. From the literature the variation of contact angle of 
a drop of mercury on a flat glass plate with plate inclination is 27 degrees. 
The contact angle hysteresis of water on paraffin was 16 degrees. 
CONCLUDING REMARKS 
An experimental investigation was made to determine the effectiveness 
of wall  roughness for damping liquid oscillations in rectangular tanks. The 
following results were  obtained. 
I. The value of log decrement of damping, 6,  increased in a nearly 
linear fashion as the roughness height was increased. With roughness of 
which the height was 0.427 percent of the tank length covering 8.9 percent of 
the wetted wall area 6 was 65 percent greater than the smooth-wall value. 
2. Roughness near the liquid surface was more effective in damping 
liquid oscillations than roughness deep in the tank. There was a sharp 
increase in damping corresponding to wiping of the roughness by the surface 
edge during decay. Maximum damping was produced by a particular rough- 
ness strip when the strip was  at the maximum depth at which the surface 
edge wiped the roughness throughout decay of the oscillation. Narrow strips 
30 
. 0 3 0  
.o 2 5 
.o 2 0 
I 
.015, 
.010 
-00 5 
0 
1 
l 
0 
U 
0 
0 
0 L a r g e  Tank  
0 S m a l l  T a n k  
I , - 1 I &  
2 S 3 
4 
Figure 18. Effect of wetted perimeter on damping. 
of roughness ( 3 . 6  percent of the wetted wall area) in contact with the liquid 
surface edge during decay were found to produce 75 percent as much damping 
as roughness covering the entire end walls of the tank ( 3 6  percent of the wetted 
wall area). 
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3. 
L3/%1/2/v, 
nearly cons 
The damping was found to increase with decreasing values of 
but the increment of damping because of wall roughness remained 
tant through most of the L3/2g1/2/v range. The increment of 6 
because of a particular wall roughness configuration was 34.5 percent of the 
total 6 at L3/2g1/2/v = 650 000 and was only 13.5 percent of the total 6 at 
L3/2g1/2/v = 27 000. 
4. A formula was constructed to f i t  the smooth-wall damping data 
through the range of values of L3/2g1/2/v investigated by multiplying Keulegan's 
equation for smooth-wall damping [I31 by an empirical constant. An 
expression formed by adding a term dependent on roughness height relative 
to tank length to the above formula gave a fair representation of the effect of 
roughness height on damping through a range of L3/2g1/2/v values for a 
particular roughness configuration. 
5. Reynolds number and boundary layer thickness calculations 
indicated that the test roughness should have little effect on viscous damping. 
Other calculations showed that the damping because of roughness could be 
produced by surface tension acting on the roughness-height-dependent wetted 
perimeter through a changing contact angle. 
George C. Marshall Space Flight Center 
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